Objective: Evaluate longitudinal changes in technical and non-technical skills (teamwork, situation monitoring, communication and leadership), safety culture, and clinical outcomes before and after implementation of a crew resource management (CRM) safety program. Design: A multi-level prospective single case study in accordance with the SQUIRE-guidelines for reporting quality improvement efforts. Setting: Large university paediatric surgical service. Participant(s): All 153 managers and staff. Interventions: Training of staff in CRM, systematic risk assessments, and the redesign of work practices captured and reinforced through the development, implementation and refinement of SOPs. Main Outcome Measure(s): Data were collected related to: 1) Relevance of CRM training (survey), 2) Safety culture (survey), 3) Team behaviours in clinical practice (non-participatory observations with MedPACT protocol) and 4) Effects on perioperative care for laparoscopic appendectomies-a representative and frequently performed surgical procedure (electronic medical records and administrative data for length of stay, unplanned readmissions and returns to the Operating Room). Results: Non-technical skills, the use of safety tools, as well as adherence to guidelines for appendectomies all improved significantly over time. Significant safety culture improvements were found in teamwork across and within units, supervisors' expectations and actions, nonpunitive response to adverse events, and perceptions of overall patient safety. Unplanned readmissions following appendectomy declined significantly. Conclusions: Implementation of a comprehensive CRM program including associated safety tools created sustained adherence to new work practices and improved non-technical and technical skills, surgical outcomes and safety culture.
Introduction
Paediatric surgery requires timing and coordination among multiple team members, each with unique expertise and responsible for different tasks [1, 2] . Other organizations that conduct similar high-risk, complex operations that require high levels of safety (e.g. aviation) consider training and maintenance of non-technical skills (teamwork, communication, situational awareness and shared decision-making) essential [3] . Studies of high reliability organizations (HROs) highlight the care needed to define, design and standardise processes and emphasize teamwork and communication [4, 5] . Despite attempts to translate such practices into healthcare, no hospitals have achieved equivalent safety levels [6] .
In the 70s, a series of major aviation disasters revealed problems with hierarchical and ineffective communication [3] . In response, crew resource management (CRM) was developed to promote safety and improve coordination and performance through optimal use of procedures, people and equipment [7, 8] . CRM training includes practice, formative feedback and tools to support transfer of training to everyday practice [4] . CRM has become an integral part of aviation's safety culture and includes recurrent training of teams in SOPs, non-technical skills, monitoring and error reporting [3] .
Individual components of CRM have been implemented into healthcare, e.g. the WHO's Surgical Safety Checklist and the SBAR tool for structured communication [9] . These have led to reductions in adverse events associated with handoffs, surgical mortality, and complication rates [10] [11] [12] [13] . Systematic reviews describe positive results on knowledge, attitudes and teamwork, but few measure sustained compliance with the CRM behaviours, tools or clinical outcomes [7, [14] [15] [16] [17] . Recent studies show fragmented implementation and sustainability challenges when the implemented tools were not components of an overall safety program [18, 19] . Most studies report pre-and postintervention evaluations, but raise concerns regarding the actual transfer to daily practice. An understanding of organizational effects is hampered due to small numbers of participants, the use of simulated settings, and short follow-up periods [7] . This has led some to question the impact of CRM on patient safety [20, 21] .
A recent meta-analysis of the effectiveness of CRM training in acute care found positive reactions among participants, large effects on knowledge, small effects on attitudes and large behavioural effects [7] . But only 2 of 20 studies presented outcomes data. The authors call for more precise outcomes measurements, improved training standardization, implementation, and evaluation methods, and more robust research designs [7] . The aim of this study was therefore to evaluate the multi-level effects over time of the implementation of standardized CRM-based team training and targeted system improvement projects in a paediatric surgery department.
Methods

Study design
A multi-level prospective single case study of a CRM implementation reported in accordance with the SQUIRE-guidelines for evaluation of quality improvement efforts [22] . It was conducted at the paediatric surgery unit at the Astrid Lindgren Children's Hospital (ALB), one of eight divisions of the Karolinska University Hospital (KUH), Stockholm, Sweden with 250 beds, 2500 staff and~18 000 annual admissions. With 5500 paediatric surgical procedures annually it is Sweden's largest paediatric surgery program (25% of all surgeries).
ALB CRM intervention
In 2009, a comprehensive patient safety program was initiated in the paediatric surgical department of the KUH. It included three components: training of staff in CRM, systematic risk assessments and redesign of work practices reinforced through the development, implementation and refinement of SOPs.
The intervention began with a 4.5-h CRM course given by CRM experts to all physicians and staff. The course was based on a commercially available, medical CRM curriculum, adapted from a widely used aviation CRM course (LifeWings Partners, LLC. www. saferpatients.com). Course materials were translated into Swedish and adapted to the Swedish paediatric hospital context collaboratively by ALB, Medical Management Centre (MMC) at Karolinska Institutet, and LifeWings. The course consisted of didactic seminars with group exercises and role-playing for interdisciplinary teams. Participants were trained in non-technical skills including: team formation, closed-loop communication, risk-recognition (Red Flags), 'speaking up' with a standardized format (from simple informational statement to a respectful 'assertive statement'), decisionmaking, creating and sustaining a shared mental model, and situational awareness. Tools to support these skills included checklists and standardized time-outs, crosschecks and debriefings.
The risk assessment, conducted as a work domain analysis, involved observations and semi-structured interviews with staff to elucidate current work practices. The assessment was used by interprofessional teams of experienced staff members to standardize work practices with context-appropriate CRM principles. The new practices were captured in clinically relevant checklists, huddles or structured communication and meeting tools over the entire perioperative process (Fig. 1 ). Central to this was the adaptation and implementation of the WHO's Surgical Safety Checklist. Each new work practice was implemented and revised through at least 2-3 PDSA-cycles.
Data collection and analysis
Consistent with the literature reviewed above, we chose an evaluation design based on the Kirkpatrick & Kirkpatrick framework [23] to capture the effects of implementing a standardized training approach with process improvement and work redesign interventions tailored to the specific context by experienced staff after their CRM training. We expected that changes in staff behaviour related to teamwork, communication and adherence to guidelines would impact patient safety culture, awareness, behaviour, and reduce reoperations and readmissions. Data were collected in four areas: 1. Relevance of CRM training, 2. Safety culture, 3. Team behaviours in clinical practice and 4. Effects on perioperative care.
Relevance of CRM training
Participants' reactions were captured through standardized, written course evaluations.
Safety culture
The Hospital Survey on Patient Safety Culture-Swedish version (HSOPSC) [24] was administered to all staff groups working at the paediatric surgery unit, before (August-September 2009) and 2 (2011) and 4 years (2013) after CRM implementation. The culture survey includes 51 items covering 14 patient safety culture dimensions and three single-outcome questions with a 5-point Likert scale. Means for the dimensions at the three time-points were compared with repeated measure ANOVAs.
Team behaviours in clinical practice
Use of the Surgical Safety Checklist was measured by collecting the paper-based checklists completed during surgeries during 2009-2013. This was done by the scrub nurses who had checked off the items during surgery. To create an indicator, we compared the number of collected completed checklists to the number of surgeries. In 2012, a computerized checklist was introduced, but manual measurement was continued in parallel for the entire year to confirm that the computerized form did not lead to a false high compliance, as has been found elsewhere [25] .
As later studies have confirmed, simply measuring adherence to a checklist is not enough [18] . Therefore, the Medical Performance Assessment Tool for Communication and Teamwork (MedPACT), a behaviour-rating instrument, was translated, back-translated, validated for the Swedish context and used for observations of team behaviours [26] . MedPACT combines elements of the Communication and Teamwork Skills (CATS) tool [27] with elements of a pre-and post-briefing checklist for evaluating changes related to WHOchecklist implementation to measure Team-formation, Pre-op huddle or time-out, Post-op huddle or debriefing. The 23 items comprise four behavioural dimensions: Communication, Leadership, Situation Monitoring and Mutual Support. Three senior nurses and one anaesthesiology resident, trained in team observation techniques and CRM, rated each item and recorded qualitative and quantitative information on how the team participated in pre-brief, time-out, post-case debrief and contingency planning. We used paired observers in ten test cases. Interrater agreement ranged from 33 to 100%; average agreement of 60% for all items. Cohen's Kappa value was 0.51. Teams performing surgical procedures were enroled at sequential follow-up periods: Pre-CRM implementation (baseline), 23 cases (146 OR staff); followed by 20 cases (136 OR staff) at 6 months; 27 cases (156 OR staff) at 1.5 years; and 20 cases (118 OR staff) at 4 years post-implementation. We also observed general surgical, orthopaedic and medical procedures, e.g. spinal taps under general anaesthesia.
The MedPACT tool was validated for a Swedish sample using principal component analysis (PCA). We replaced missing records by the median value of the corresponding item. Construction of our four outcome variables (i.e. grouping corresponding items) was derived in two different forms: for each outcome variable, the sum of scores of all corresponding items was taken as the final outcome and computed as the prime approach. Three of the four derived Figure 1 Flow chart with tools for Paediatric-OR. List of the tools that have been developed: Pre-op checklist for wards, pre-op SBAR report, Modified WHOchecklist for safe surgery including pre-brief, time-out, and debrief, perioperative SBAR report, post-op SBAR report to recovery ward, SBAR report from recovery back to ward, and debriefing documentation sheet for continuous improvement of perioperative work practices.
outcomes were normally distributed (tested with Shapiro-Wilk test/ graph), whereas one was transformed (square root) to reach normality. A one-way analysis of variance (ANOVA) was then performed for all teamwork competencies and for the Surgical Safety Checklist behaviours. The debriefing part of the checklist was analysed separately as these observations did not meet the normality assumption of the ANOVA test. Instead, a Kruskal-Wallis test was applied. Ordered logistic regression was performed as the second analytical approach (categorical); mainly as a sensitivity analysis by covariates supporting our methodological approach.
Effects on perioperative care SOP development was designed to improve adherence to medical guidelines and teamwork. We therefore looked for a specific surgical procedure clearly linked to the checklists developed by staff and with sufficient volume to allow detection of significant changes. Laparoscopic appendectomy is a common procedure that requires standard pre-and post-operative tasks related to the developed SOPs (antibiotic prophylaxis and microbiological and anatomic specimens). We conducted a retrospective analysis of the electronic medical records (EMRs) of all patients who underwent laparoscopic appendectomy from January 2008 to December 2012. Patient demographics, antibiotic prophylaxis, bacterial culture, histopathology, post-operative length of stay, re-admission and reoperation were tracked. Laparotomy appendectomies, whether planned or conversions from laparoscopy were excluded from the analysis. We compared the results from 2008 (1 year prior to implementation of the WHO-checklist) with 2010 and 2012 (1 and 3 years post CRM implementation).
We complemented the EMR data with data on length of stay, unplanned/acute reoperations and unplanned readmissions obtained for the same patients from the Stockholm county council's administrative database (VAL). A unique, encrypted patient identifier enabled us to capture all treatment episodes for each patient including outpatient visit dates, diagnoses and both surgical and non-surgical procedures. Each index surgery was followed for 30 days to capture the proportion with subsequent potentially unwanted healthcare-related events (e.g. unplanned readmissions or returns to OR) that could indicate a medical error had occurred. Individual-level data were aggregated from a large pool of records between 2003-2014. Segmented regression analysis was approached using the 'Bootstrap' method to handle occasions with fewer data records [28] . The period 2003-2008 was set as the trend at baseline (pre-intervention), the year 2009 as the point of change (intervention) and, the period 2010-2014 as the trend during the post-intervention of data collection.
Ethical considerations
Ethics approval was obtained from the Regional Ethics Committee of Northern Stockholm (Number 2010/820-31/5).
Results
Relevance of CRM training
Course evaluations (90% response rate (138/153)) showed an overall positive reaction to the CRM class, concepts and applicability to the respondents' everyday work. Eighty-nine percent of the respondents agreed or strongly agreed that the course conveyed CRM principles and gave the participants skills to improve teamwork and safety; 70% thought that the concepts were applicable to everyday clinical practice; and 83% believed that the CRM training had the potential to improve patient safety. 
Safety culture survey
Team behaviours in clinical practice
There was a statistically significant difference for all teamwork competencies and for the performance on the Surgical Safety Checklist behaviours with ascending averages of scores during the follow-up periods (Tables 1 and 2 ).
The multivariate logistic regression analysis demonstrated that the odds of outcome of all teamwork behaviour (dimension) significantly increased throughout the follow-up periods (Table 3) . This consistent trend persisted with an additional increase when adjusted by other technical and operational aspects.
Effects on perioperative care
Adherence to the Surgical Safety Checklist went from 0 to 60% immediately after the tool was implemented (Chi-square for trend = 33.563, pr > χ 2 = 0.0000) (Fig. 2) . Checklist adherence increased slowly to~90-95% adherence during 2010-2011; Chi-square for trend = 19.749, pr > χ 2 = 0.0000 (Fig. 2) .
A total of 4020 laparoscopic appendectomies were performed between 2003 and 2014 (yearly mean = 335, SD = 111.2). EMR Table 1 The percent positively scored was defined as the scores for each behavioural indicator being 'observed and good' in the case observation form and rated three or above in the assessment participation form meaning that the indicator was observed in all of the team members during most of the surgery % Positively scored items per teamwork category Baseline (%) First follow-up (%) Second follow-up (%) Third follow-up (%) Total (%) The t-test showed significant improvements in how often intra-operative abdominal bacterial swabs were obtained from 64% before checklist implementation to 85% and 95% after one year and three years, respectively (P = 0.0003). Consistently high timely administration of preoperative prophylactic antibiotics was sustained (99.7%, 100%, 100%; P = 0.300). Specimens sent for histopathology were sustained (99.4%, 100%, 100%; P = 0.143). Post-operative hospital stay was reduced from 46 to 40 and then to 38 h (P = 0.0015).
The year-to-year post-laparoscopic unplanned returns-to-surgery was 0.786 (P = 0.050). During the pre-CRM baseline period 2003-2008, there was a year-to-year increase of 0.279 (P = 0.048) for post-laparoscopic unplanned re-operations. Immediately after CRM implementation, the rate did not change significantly (P = 0.182). However, a significant drop (0.76 on average (P = 0.016)) was found in the post-intervention period. The year-to-year postlaparoscopic appendectomy re-admission rate was stable pre-CRM (0.489; P = 0.139); following implementation, there was a significant year-to-year decrease of 1.28 (P < 0.014).
Discussion
This paper evaluates the implementation of a CRM program including safety tools (e.g. checklists, standardized procedures and handoffs) throughout the paediatric surgery clinical settings of a large university paediatric hospital. Our data show that the program was implemented and maintained successfully. In the postimplementation period, we found that non-technical skills, the use of safety tools, and medical procedures for appendectomies all improved significantly. Unplanned readmissions following appendectomy declined significantly. Adherence to the new work-practices stabilized and persisted at high levels for the 5-year duration of the study. Safety culture demonstrated a positive trend: significant improvements were found 'Teamwork across and within units, Supervisors' expectations and actions, Non-punitive response to adverse events and Perceptions of overall patient safety'.
Many studies reporting on implementation of new patient safety practices suffer from two critical problems: very short follow-up periods and/or low adherence to the implemented practices and procedures [7] . Our study covers five years of observations. With this perspective, it becomes clear that change takes time-even when the changes are supported by senior management, led by respected colleagues, are evidence-based, have strong face-validity, and are designed to support everyday work.
Implementation of the WHO Surgical Safety Checklist served as an indicator for system change. Several studies have questioned the impact of the checklist on safety [18, 29] . We used direct independent observations to ascertain how the core elements of the checklist were incorporated into team behaviours, a more objective analysis of adherence and its potential manifestation in team behaviours. Individual and collective work practices not only produce outcomes, but are also where system safety emerges [30] . It became clear from the data that this emergence takes time. Even if checklist adherence was over 90% within 1 year, PCA-derived outcomes were computed in four dimensions (and their corresponding items): 1) Communication (encouraging team to speak up with patient safety concerns, call-outs and check-backs, structured handoffs using SBAR (Situation, Background, Assessment and Recommendation), introduction of team members and roles, patient risks verbally emphasized during Time-out); 2) Leadership (Huddle, verbalizing plans, delegation); 3) Mutual Support (feedback, crosschecks and task assistance); and 4) Situation Monitoring (checklist controls of patient ID, Confirmation of procedure and marking of op-site).
the observations showed that teamwork skills took longer to develop and required tenacity and diligence. Based on the findings related to laparoscopic appendectomies, the Surgical Safety Checklist, as implemented in this study, supported adherence to medical guidelines and teamwork, and improved clinical outcomes.
The combination of CRM training and implementation of targeted, high-value, safety tools and standardizations seem to support the cognitive and procedural tasks that make up the core of perioperative care. This was done in multidisciplinary teams and across silos of care an approach that has been showing promising results in other recent studies [31] . The ubiquity of CRM or similar training in most HROs would support our conclusion that both CRM and associated tools are necessary [32] . As with medications, interventions such as checklists, time-outs and standardized procedures are unlikely to be effective if they are not used correctly or consistently. Thus, we would question the assertion that a CRM program is a confounder for the use of checklists or other more 'simple' tools [33] .
Healthcare is in many ways dependent of the ability of experts to understand, recognize, adapt to and anticipate how the contingencies that emerge in the system over time can help or hinder safe practice. The aim of safety management efforts needs to support this vital function, not hinder it. Our experience from this implementation emphasizes the importance of engaging managers and respected colleagues as local experts in designing or adapting SOPs by defining and agreeing on best practices tailored to the local context. This can be seen as a reconciliation of work-as-imagined vs. work-as-done [34] . The SOPs were continuously improved through PDSA-cycles and further reinforced through simulation training. The combination kept the 'learning-loop' alive beyond the 4.5 h of CRM training and the PDSA-cycles increased relevance to work-as-done and most likely contributed to an environment conducive to continued learning and improvement.
There were limitations to this study. While a prospective controlled study may be an ideal approach to account for the effect of specific factors, real world research, while often challenging, allows us to capture the effects of management strategies as they unfolded, especially since no other major quality management strategies were implemented during this period. Data collection were conducted using the administrative quality and safety management systems of the hospital, which are among the more advanced systems available, but they are not specifically designed to follow interventions of this type [31] . We chose to follow laparoscopic appendectomies when we saw that the checklists and SOPs addressed aspects of this operation. However, outcome measures more tailored to assess combined process and teamwork related interventions still need to be defined.
Conclusion
In this study, the implementation of a comprehensive CRM program with associated safety tools and monitoring created sustained adherence to new work practices and improved non-technical and technical skills, surgical outcomes and safety culture. Our findings suggest that team-training interventions benefit from involving staff in the translation of educational interventions into work practice applications. This translation process is a complex social intervention that takes time and for which evaluation studies should make allowances. 
